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0DJQHVLXPDQGLWV DOOR\VDUHEHFRPLQJSURPLVLQJPDWHULDOVIRUVWUXFWXUDODHURVSDFHDXWRPRELOH DQG PDULQHDSSOLFDWLRQVGXHWR
WKHLU OLJKW ZHLJKW DQG KLJK VWUHQJWK WR ZHLJKW UDWLR 5HFHQWO\ PDJQHVLXP DOOR\V KDYH IRXQG DSSOLFDWLRQV LQ ELRPHGLFDO
HQJLQHHULQJEHFDXVHRISURSHUWLHV VXFKDVGHJUDGDWLRQ LQSK\VLRORJLFDOHQYLURQPHQW DQGPHFKDQLFDOSURSHUWLHVQHDU WRQDWXUDO




ZDV VWXGLHG 0LFURVWUXFWXUDO REVHUYDWLRQV FOHDUO\ VKRZHG ILQHJUDLQ VWUXFWXUH DFKLHYHG DIWHU (&$3 7KH UROHRI JUDLQ VL]HRQ
KDUGQHVVDQGZHWWDELOLW\ZDVLQYHVWLJDWHG7KHHYROXWLRQRIPLFURVWUXFWXUH GXULQJ(&$3DQGWKHUHFU\VWDOOL]DWLRQHIIHFWRQJUDLQ
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 ,QWURGXFWLRQ
5HFHQWO\ WKHUHKDVEHHQDJUHDW LQWHUHVWRQPDJQHVLXPDQG LWVDOOR\V LQPDWHULDO VFLHQFH EHFDXVHRI WKHLU OLJKW
ZHLJKWRIGHQVLW\JFPDQGKLJKVSHFLILFVWUHQJWKN1PNJ FRPSDUHGZLWKRWKHUOLJKWPHWDOVVXFKDV
DOXPLQLXPDQGLWV DOOR\V )ULHGULFKDQG0RUGLNH $XWRPRELOHDHURVSDFHPDULQHHOHFWURQLFVDQGVWUXFWXUDO
DSSOLFDWLRQVDUHWKHSRWHQWLDOILHOGVWKDWPDJQHVLXP RFFXSLHV DVDQ DOWHUQDWHPDWHULDO ,Q WKHSDVWGHFDGHELRPHGLFDO
HQJLQHHULQJ LV DQRWKHU SURPLVLQJ DUHD RI DSSOLFDWLRQ RI PDJQHVLXP DOOR\V 0DJQHVLXP GHJUDGHV LQ ELRORJLFDO
HQYLURQPHQW GXH WR ELRFRUURVLRQ LQ WKH SUHVHQFH RI FKORULGH LRQV 7KLV FDQ EH DQ DGYDQWDJH WR GHYHORS
ELRGHJUDGDEOH LPSODQWV SURYLGHG WKH DEQRUPDO FRUURVLRQ UDWH RI PDJQHVLXP LV FRQWUROOHG 7KHUH DUH GLIIHUHQW
DSSURDFKHVUHSRUWHGWRFRQWURODQGUHJXODWHWKHGHJUDGDWLRQRIPDJQHVLXPWRPDNHDVDYLDEOHELRPDWHULDO3UHSDULQJ
QHZ DOOR\V FRPSRVLWHV VXUIDFH WUHDWPHQWV DQG FRDWLQJV DQG PLFURVWUXFWXUDO PRGLILFDWLRQV DUH D IHZ PHWKRGV
UHFHQWO\ VKRZQ SURPLVLQJ UHVXOWV :DQJ HW DO  .LUNODQG HW DO  +RUQEHUJHU HW DO  (VSHFLDOO\
PLFURVWUXFWXUDO PRGLILFDWLRQV DUH EHFRPLQJ RQH RI WKH SURPLVLQJ PHWKRGV DV WKH JUDLQ VL]H QRW RQO\ LPSURYHV




DO $UJDGH HWDO 
7KHUHDUH D IHZUHSRUWVVKRZQLPSURYHGFRUURVLRQEHKDYLRUZLWKJUDLQUHILQHG PDJQHVLXPDOOR\V :DQJ HWDO
 VKRZHG WKDW WKH ILQH JUDLQHG $= PDJQHVLXP DOOR\ SURFHVVHG E\ KRW UROOLQJ KDV D SRVLWLYH LQIOXHQFH RQ
IUDFWXUH UHVLVWDQFH DQG FRUURVLRQ UHVLVWDQFH LQ +DQN¶V VROXWLRQ $OYDUH]/RSH] HW DO  UHSRUWHG WKDW WKH
FRUURVLRQUHVLVWDQFH ZDVLPSURYHGIRU ILQHJUDLQHG$=PDJQHVLXPDOOR\FRPSDUHGZLWKFRDUVHJUDLQHGDOOR\LQ
SKRVSKDWH EXIIHU VROXWLRQ 3%6 *UDLQ UHILQHG $=PDJQHVLXP DOOR\ SURGXFHG E\ JURRYH SUHVVLQJ KDV VKRZQ
LPSURYHG ZHWWDELOLW\ ELRPLQHUDOL]DWLRQ DQG FRUURVLRQ UHVLVWDQFH LQ VXSHU VDWXUDWHG VLPXODWHG ERG\ IOXLGV LQ RXU
HDUOLHUVWXG\ 5DWQD 6XQLO HWDO  7KHUHLVDQLQFUHDVLQJ LQWHUHVWLQPLFURVWUXFWXUDOPRGLILFDWLRQVWRWDLORUWKH
PDJQHVLXP EDVHGPDWHULDOV IRU LPSODQW DSSOLFDWLRQV 5HFHQWO\ HTXDO FKDQQHO DQJXODU SUHVVLQJ (&$3 D VHYHUH
SODVWLFGHIRUPDWLRQWHFKQLTXH KDVHPHUJHGDVDSURPLVLQJ WRRO WRLQGXFHJUDLQUHILQHPHQW XSWRQDQRVXQPLFURPHWHU
OHYHOLQEXON PHWDOV 9DOLHYDQG/DQJGRQ 7KHDLPRIWKHSUHVHQWVWXG\LVWR LQYHVWLJDWHWKH HIIHFWRIZRUNLQJ
WHPSHUDWXUHRQ HYROXWLRQRIPLFURVWUXFWXUHLQ$=PDJQHVLXPDOOR\GXULQJ (&$3LQURXWH& $OVR WKHHIIHFWRI
VPDOOHUJUDLQVL]HRQ KDUGQHVVDQG ZHWWDELOLW\ ZDVLQYHVWLJDWHG7KHHIIHFWRIUHSHDWHGKHDWLQJ XSWR& EHIRUH
HDFKSDVVRQPLFURVWUXFWXUHHYROXWLRQDQGKDUGQHVVGLVWULEXWLRQZDVLQYHVWLJDWHG DQG GLVFXVVHG
 0DWHULDOVDQGPHWKRGV
&RPPHUFLDOO\ DYDLODEOH $=PDJQHVLXPDOOR\ ([FOXVLYH 0DJQHVLXP+\GHUDEDG ,QGLD VDPSOHV RI VL]H
PP GLDPHWHU DQG  PP OHQJWK ZHUH DQQHDOHG DW & IRU  PLQ DQG WKHQ IXUQDFH FRROHG 7KH FKHPLFDO
FRPSRVLWLRQRIWKHDOOR\ZDVREWDLQHGE\LQGXFWLYHO\FRXSOHGSODVPDDWRPLFHPLVVLRQVSHFWURVFRS\,&3$(6DV
$O=Q)H0QDQGUHPDLQLQJEHLQJ0J 7KHVDPSOHVZHUHKHDWHG XSWR&DQG (&$3
ZDV FDUULHGRXWXS WR IRXUSDVVHV LQ URXWH&0RO\EGHQXPGLVXOILGH 0R6ZDVXVHGDV WKH OXEULFDQW GXULQJ WKH
SURFHVV7KHGLHXVHGIRU(&$3 KDV WZRFKDQQHOV RI PPGLDPHWHULQWHUVHFWLQJDWDGLHDQJOHRI DVVKRZQLQ
)LJ7KHKHLJKWWRGLDPHWHUUDWLRRIWKHSXQFKHVXVHGWRSUHVVWKHVDPSOHVZDVNHSWDVWRDYRLGEXFNOLQJ GXULQJ
SUHVVLQJ+HQFHIRXUVHSDUDWHSXQFKHVZHUHXVHGWRFRPSOHWHWKHSUHVVLQJ7KHVDPSOHVZHUHFRGHGDV $6 $=
(&$3 VW(&$3 QG(&$3 UG DQG(&$3 WK IRUDQQHDOHG$=PDJQHVLXPDOOR\DQGDIWHU(&$3ILUVWVHFRQG
WKLUGDQGIRXUWKSDVVHVUHVSHFWLYHO\
0LFURVWUXFWXUDOREVHUYDWLRQVZHUH FDUULHGRXW E\ RSWLFDOPLFURVFRS\ %LQSRO ± 97'&KHQQDL0HWFR,QGLD DQG
VFDQQLQJ HOHFWURQ PLFURVFRS\ 6(04XDQWD 1HWKHUODQGV 6DPSOHVZHUH FXW IURP WKH(&$3HG URGV DW WKH
FURVVVHFWLRQ DQGPHWDOORJUDSKLFDOO\SROLVKHGXVLQJHPHU\SDSHUVXSWRJUDGHDQGFOHDQHGZLWKHWKDQRO7KHQ
WKH VDPSOHVZHUH SROLVKHG XVLQJ GLDPRQG SDVWH P JULW VL]HZLWK WKH KHOS RI GLVF SROLVKLQJPDFKLQH7KH
SROLVKHG VDPSOHVZHUHXOWUDVRQLFDOO\FOHDQHGXVLQJHWKDQRODQGHWFKHGXVLQJSLFULFDFLGUHDJHQW EHIRUHREVHUYLQJWKH
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PLFURVWUXFWXUH:HWWDELOLW\RI WKHVDPSOHVZDVVWXGLHGE\FRQWDFWDQJOHPHDVXUHPHQWVXVLQJZDWHUDV WKHVROYHQW
$OO WKH VDPSOHV ZHUH SROLVKHG XVLQJ HPHU\ SDSHUV XS WR  JUDGH DQG PHDVXUHPHQWV ZHUH REWDLQHG DW ILYH
GLIIHUHQW ORFDWLRQV RQ HDFK VDPSOH 6XUIDFH HQHUJ\ (V RI WKH VDPSOHV ZDV FDOFXODWHG E\ XVLQJ WKH IROORZLQJ
HTXDWLRQ:HQJHO 
(V  (YO FRVș 
:KHUH (YO LV WKHVXUIDFHHQHUJ\EHWZHHQZDWHUDQGDLUXQGHUDPELHQWFRQGLWLRQLHP-P DW&IRU
SXUHZDWHUDQG ș LVWKHVWDWLFFRQWDFWDQJOH
0LFURKDUGQHVV0RGHO09':ROSHUW:LOVRQ*HUPDQ\ RIWKHVDPSOHVZDV PHDVXUHGDWWKH FURVVVHFWLRQV
E\DSSO\LQJ D ORDGRI J ZLWKDGZHOOWLPHRI  V ,Q(&$3WKHVWUDLQLPSRVHGDWWKHLQQHUFRUQHURIWKHFKDQQHO
LQWHUVHFWLRQ LV VOLJKWO\ KLJKHU FRPSDUHG ZLWK WKH RXWHU FRUQHU LQ WKH VDPH SDVV  7KHUHIRUH WKH YDULDWLRQ LQ WKH




)LJVKRZV WKH RSWLFDOPLFURVFRSH LPDJHVRI WKHVDPSOHV$IWHU ILUVWSDVVQXPHURXV WZLQVDSSHDUHGDORQJ
ZLWKIHZILQHUJUDLQV7ZLQQLQJLVWKHPHFKDQLVPE\ZKLFKGHIRUPDWLRQWDNHVSODFHLQKFSPHWDOVOLNHPDJQHLVXP
7ZLQQLQJFRQWULEXWHVWRZDUGVJUDLQUHILQHPHQWLQPDJQHLVXP$VQXPEHURISDVVHVLQFUHDVHGWRWZRWKUHHDQGIRXU
WKHUH LVDFOHDUHYLGHQFH IRUJUDLQUHILQHPHQW)URPDVWDUWLQJJUDLQVL]HRI P FRQVLGHUDEOH JUDLQUHILQHPHQW
ZDVDFKLHYHGDIWHU(&$3 )LJ VKRZV6(0LPDJHVRI WKH(&$3HGVPDSOHV$IWHU VHFRQGSDVV WKHUH LVDFOHDU
LQGLFDWLRQ RI JUDLQ UHILQHPHQW ,QWHUHVWLQJO\ (&$3 UG VDPSOH GRHV QRW VKRZ KLJKHU JUDLQ UHILQHPHQW FRPSDUHG
ZLWK(&$3 QG VDPSOH$IWHUIRXUWKSDVVDJDLQILQHUJUDLQVDSSHDUHGFRPSDUHGZLWK(&$3 UG VPDSOH7KHJUDLQ
VL]HZDVPHDVXUHGDIWHUIRXUWKSDVV DQG ZDV IRXQGWR H[KLELW ELPRGDOGLVWULEXWLRQ YDU\LQJIURPWRP
)LJ2SWLFDOPLFURVFRSHLPDJHRIWKHVDPSOHVD$6$= E(&$3VW SDVVF(&$3QG SDVVG(&$3UG SDVVDQGH(&$3WK SDVV
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,Q (&$3 HVSHFLDOO\ ZKLOH SURFHVVLQJ PDJQHVLXP DQG LWV DOOR\V ELPRGDO GLVWULEXWLRQ LV D FRPPRQ
REVHUYDWLRQ )LJXHLUHGR DQG/DQJGRQ  ,W LV GLILFXOW WRGHIRUPPDJQHLVXPDW URRP WHPSHUDUXUHEHFDXVHRI
DYDLODELOLW\ RI LQVXIILFLHQW QXPEHU RI VOLS V\VWHPV 0DJQHVLXP DOOR\V QHHG WR EH KHDWHG WR LQLWLDWH UHTXLUHG VOLS
V\VWHPV LQ RUGHU WRSODVWLFDOO\ GHIRUP 0RUGLNH DQG (EHUW  7KHUHIRUH LQ WKH SUHVHQW VWXG\ VDPSOHVZHUH
KHDWHGWR&DQG (&$3 ZDVSHUIRUPHG$OVRIRU VXEVHTXHQW SDVVHVWKHVDPSOHVZHUH DJDLQ UHKHDWHG WR&
EHIRUH HDFKSUHVVLQJ'XULQJWKHUHKHDWLQJRIWKH(&$3HG VDPSOHV UHFU\VWDOOL]DWLRQDQGJULDLQJURZWK FDQ RFFXU DV
REVHUYHGLQ (&$3UG VDPSOH7KHJUDLQUHILQHPHQWLQ(&$3UG VDPSOH ZDV PRUHFRPSDUHGZLWK(&$3VW VDPSOH
EXWFRPSDUHGZLWK (&$3QG VDPSOHQR LPSURYHPHQWZDVREVHUYHG)RU(&$3WK SDVV VDPSOH WKHUH LVD JUDLQ
UHILQHPHQWFRPDSUHGZLWK(&$3UG VDPSOHEXW VLPLODU WR(&$3QG VDPSOH +RZHYHU IHZ ODUJHJUDLQVRI VL]H
DURXQGPDSSHDUHGLQ(&$3WK VDPSOH%XWWKHIUDFWLRQRIILQHUJUDLQVLQ(&$3WK SDVV VDPSOHLVPRUH ZKHQ
FRPSDUHGZLWK DOO RWKHU VDPSOHV7KHUIRUH LW FDQEHXQGHUVWRRG WKDW UHKHDWLQJ WKH VDPSOHV IRU VXFFHVVLYH(&$3
SDVVHVKDVDVLJQLILFDQWHIIHFWRQPLFURVWUXFWXUHHYROXWLRQLQ$=PDJQHVLXP DOOR\
)LJ6(0REVHUYDWLRQVRI(&$3HGVDPSOHVD(&$3VW SDVVE(&$3QG SDVVF(&$3UG SDVVDQGG(&$3WK SDVV
)LJ 0LFURKDUGQHVVRIWKHVDPSOHVDWWKHFURVVVHFWLRQVDDYHUDJHKDUGQHVVDQGEKDUGQHVVGLVWULEXWLRQ




VDPSOHV7KHKDUGQHVV YDULDWLRQVZLWKLQ WKH HDFK VDPSOH DUH VKRZQ LQ)LJ E(&$3 VW DQGUG SDVV VDPSOHV
H[KLELWHGVLPLODUWUHQGLQKDUGQHVVYDULDWLRQ6LPLODUO\(&$3QG DQGWK SDVVVDPSOHVVKRZVFRPSDUDEOHWUHQGLQ
KDUGQHVV YDULDWLRQV )URP WKH PLFURVWUXFWXUDO REVHUYDWLRQV ILUVW SDVV DQG WKLUG SDVV VDPSOHV KDYH ODUJHU JUDLQV
FRPSDUHGZLWKVHFRQGDQGIRXUWKSDVVVDPSOHV'XULQJ(&$3RIWKHVDPSOHVLQURXWH&WKHVDPSOH LV URWDWHG E\
 EHWZHHQSDVVHV DQG WKHVKHDULQJFRQWLQXHV RQWKHVDPHSODQH HYHU\ WZR SDVVHV'XHWRWKHUHGXQGDQWQDWXUHRI
URXWH & WKH VKHDU LV UHYHUVHG IRU HYHU\ FRQVHFXWLYH WZR SDVVHV 9DOLHY DQG /DQJGRQ  7KHUHIRUH LQ WKH
SUHVHQWVWXG\WKHKDUGQHVVRIWKHVDPSOHVZDVLQFUHDVHGZLWKQXPEHURISDVVHVEXWWKHYDULDWLRQV ZLWKLQWKHHDFK
VDPSOHZHUH VLPLODUIRUHYHU\WZRSDVVHV
)LJ 7\SLFDOSKRWRJUDSKVRIZDWHUGURSOHWVRQWKHVDPSOHVXUIDFHVD$6$=E(&$3VW SDVVE(&$3QG SDVVF(&$3UG SDVVDQGH
(&$3WK SDVV
)LJ:HWWDELOLW\ VWXGLHVRIWKHVDPSOHVDFRQWDFWDQJOHVDQGEVXUIDFHHQHUJLHVRIWKHVDPSOHVFDOFXODWHGIURPFRQWDFWDQJOHVRIWKHVDPSOHV
0LFURVWUXFWXUH DQG URXJKQHVV SOD\ DQ LPSRUWDQW UROH RQ VXUIDFH ZHWWDELOLW\ 7KH UROH RI VXUIDFH URXJKQHVV LV
QHJOLJLEOH DV DOO RI WKH VDPSOHV ZHUH SROLVKHG XS WR WKH VDPH OHYHO RI URXJKQHVV XVLQJ SROLVKLQJ SDSHUV EHIRUH
FRQWDFWDQJOHVZHUHPHDVXUHG7\SLFDOSKRWRJUDSKVRIZDWHUGURSOHWVRQ WKH VXUIDFHRI WKH VDPSOHVDUH VKRZQ LQ
)LJ  7KHYDULDWLRQLQWKHFRQWDFWDQJOHVRIWKH VDPSOHVLVFODLPHG WR WKHYDULDWLRQLQWKHPLFURVWUXFWXUH RQO\$V
WKHJUDLQVL]HRI(&$3HG VDPSOHV ZHUHUHGXFHGWKH DYDLODEOH IUDFWLRQRIJUDLQERXQGDU\LVHQRUPRXVO\LQFUHDVHG
%HLQJ KLJK HQHUJ\ VLWHV JUDLQ ERXQGDULHV LQ D SRO\FU\VWDOOLQH PDWHULDO SOD\ DQ LPSRUWDQW UROH DORQJ ZLWK RWKHU
FU\VWDO GHIHFWVRQ WKH VXUIDFH SURSHUWLHV &KDWRSDGK\D\,QWKHSUHVHQWVWXG\ILQHJUDLQHG(&$3HGVDPSOHV
VKRZHG UHGXFHG FRQWDFW DQJOHV )LJ D7KH YDULDWLRQV LQ FRQWDFW DQJOHV ZLWKLQ WKH ILUVW SDVV DQG VHFRQG SDVV
VDPSOHVZHUH PRUHFRPSDUHGZLWKRWKHUVDPSOHV$VQXPEHURISDVVHVLQFUHDVHGWRWKUHHDQGIRXUYDULDWLRQVZLWKLQ
WKHVDPSOHVZHUHUHGXFHG&RUUHVSRQGLQJVXUIDFHHQHUJLHV)LJE LQGLFDWHWKDW IRXUWKSDVVVDPSOHKDVQHDUO\
846   B. Ratna Sunil et al. /  Procedia Materials Science  5 ( 2014 )  841 – 846 
LQFUHDVHLQ VXUIDFH HQHUJ\ FRPSDUHGZLWK$6$=VDPSOH &RQWDFWDQJOHPHDVXUHPHQWVFOHDUO\LQGLFDWHWKH
UROH RI VPDOOHU JUDLQ VL]H LQ HQKDQFLQJ WKH VXUIDFH ZHWWDELOLW\ DQ LPSRUWDQW SURSHUW\ IRU EHWWHU PDWHULDOWLVVXH
LQWHUDFWLRQVLQELRPHGLFDOXVH
 &RQFOXVLRQ
$= PDJQHVLXP DOOR\ ZDV SURFHVVHG DW  & E\(&$3 DQG D ELPRGDO ILQH JUDLQ VWUXFWXUH ZDV DFKLHYHG
,PSURYHGKDUGQHVVDQGZHWWDELOLW\ZDVREVHUYHGIRU(&$3HG VDPSOHVDV WKH QXPEHU RISDVVHVZDVLQFUHDVHG ,WZDV
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